To enhance the performance of the inlet guide vane and the annular duct of a jet engine, a detailed investigation of annular cascades with two different types of turbine guide vane rows is made. The first one is a leaned guide vane with an aspect ratio of two and a half and a transition duct ahead of the vane. To avoid the losses associated to the decelerating transition duct all alternative vane is designed and investigated with the same inlet and exit conditions. In this case the chord of the vane is increased to the effect that, the vane begins irnniediately at the enterance of the diverging annulus and so a continuously accelerated flow is achieved. To rnaintain a good performance for this configuration a bowed-type vane with an aspect ratio of one is designed.
The aim of the investigation is to obtain detailed informations on the secondary flow behaviour with particular regard to the development of the total pressure losses and the streamwise vorticity of the vortices inside and behind the blade rows. In the first step a three-dimensional, structured, explicit finite-volume flow-solver with a k -E turbulence model is validated against the measurements, which were made in cross-sections behind the blades. Having proved that the numerical results are very close to the experimental ones, the secondary flow behaviour inside and behind the blade rows is analysed in the second step. By calculating the streamwise vorticity from the numerical results the formation of horse-shoe vortex, passage-vortex and the trailing edge vortex shed is investigated. The differences of the vortical motion and the formation of the total pressure losses between the two configurations of turbine guide vane rows are discussed. 
NOMENCLATURE

INTRODUCTION
Today's advanced aircraft engines are made up of highly loaded components with a reduced number of stages. This is a result of the ability to model and simulate the complex turbomachinery flow with good accuracy in conjunction with a better understanding of the flow phenomena. The design of the next generation turbines will require further improvements. First of all the designer needs improved and reliable 3D-Navier-Stokes flow solver, which have the accuracy to calculate the complex flow phenomena like endwall flow, horseshoe vortices, passage vortices and trailing edge vortices, because in modern turbine bladings 30 -40 % of total pressure losses are due to the presence of secondary flows (Zimmermann, 1990) . Secondly the secondary flow analysis must be further advanced, because up to now the loss and vorticity generation mechanisms are not sufficently understood. Besides the view on pressure losses and velocity vectors a secondary flow analysis must incorporate a view on secondary vorticity and secondary kinetic energy.
There are a lot of important parameters like inlet boundary layer, boundary layer skew, the mixing process and blade load distribution, which are important for secondary flow. Many investigators have tried to isolate and to investigate these parameters separately. For example Walsh and Gregory-Smith (1990) studied the effect of inlet boundary layer skew on the development of secondary flow and losses and Weiss (1993) investigated the influence of load distribution on secondary flow. Other researchers are modifying the endwall shape (Rose, 1994) or suggesting a special design of the turbine blade in the endwall region (Hourmouziadis and Hubner, 1985) . Unfortunately these parameters are not independent from each other. Therefore for advanced design of future turbine bladings a comprehensive understanding is needed, because a priori it is not clear, which parameter predominates the influence of the other.
It is the purpose of the present paper to contribute to the understanding of secondary flow. Therefore two alternative annular cascade configurations, simulating the inlet guide vane and the annular duct of a low pressure turbine, are investigated. The inlet and exit conditions are the same for both configurations, but they are different in blade shape and blading parameters.
SECONDARY FLOW IN TURBINE VANES AND CASCADES
There are a lot of investigators, who are engaged in secondary flow analysis. One of the most comprehensive reviews of this phenomena is given by Sieverding (1985) . In the present paper only a short description of secondary flow is given. A classical secondary flow model as in fig. I shows the main features of secondary flow. At the leading edge of the vane the approching boundary layer separates from the endwall at a saddle point ahead of the leading edge and forms the two legs of the horseshoe vortex. The suction side leg sweeps around the suction surface of the blade, whereas the pressure side leg crosses the passage and is driven by the crossflow in the endwall region from the pressure to the suction side. When the crossflow is turned in the suction side endwall corner the passage vortex arises, which causes the overturning near the endwall and the underturning outside the endwall region. In addition to this vortex at the trailing edge a strong shear layer forms the so-called trailing edge vortex. Besides these vortices also corner vortices may occur, but they play a minor role with regard to the losses and flow angles. An important fact is that the different vortices are interacting with each other in a non-linear way and so a differentiation into separate effects is not possible.
EXPERIMENTAL EQUIPMENT AND TESTED VANES
The experiments were conducted at the high altitude test facility of the Institut für Luftfahrtantriebe of the University of Stuttgart (Lindner and Weskamp, 1993) . The first investigated annular cascade consists of a leaned guide vane and a transition duct ahead of the vane, s. fig. 2 . Therefore the the cob-vane Figure 4 : Blade profiles at midspan flow is decelerated in the transition duct and subsequently accelerated in the vane. To avoid the losses associated to the deceleration in the transition duct an alternative configuration is investigated. The chord of this vane is increased to the effect that the vane begins at the enterance of the diverging annulus and so a continuously accelerated flow is achieved. To maintain a good performance in the design process, a bowed-type vane with an aspect ratio of one and with an increased pitch is designed.
In this paper the configuration consisting of the leaned vane and the transition duct is called col-vane and the alternative configuration cob-vane. Both configurations are presented in fig. 2 . Harrison (1992) described the influence of blade stacking on turbine losses. Generally simple lean with positive lean at the hub and negative lean at the casing, like it is used here, increases the blade loading at the casing and reduces it at the hub. This has the effect of decelerating and thickening the boundary layer at the casing and accelerating and thinning the boundary layer at the hub, resulting in higher losses at the casing. To avoid this the lean of the blade should be positive at both ends, but Harrison found that this leads to high losses at midspan, because of the higher loading there. So the bowed vane is designed with positive lean at the casing to reduce the blade loading there and with rro lean at the hub to avoid a too high loading at midspan.
The leaned guide vane has a straight lean of 14 0 and the bowed vane has a radial stacking at the hub and is bowed more and more in circumferential direction up to approximate 16°at the casing, s. fig. 3 .
The blade profiles at midspan are shown in fig. 4 The inlet swirl is established by preswirl vanes, placed far upstream of the guide vanes, such that the wakes are mixed out before entering the diverging annulus in the range of the guide vanes.
As indicated in fig. 2 the flowfield is investigated at three different axial positions, namely one upstream and two downstream of the guide vanes. At these positions area traverses are performed with five-hole pressure probes and hot-wire probes mounted in devices for radial and circumferential traversing. The traverses are consisting of 22 points in radial and 25 points in circumferential direction, covering 2.5 pitches for the col-vane and 1.3 pitches for the cob-vane. In this paper mainly the results in the measuring planes I and 2 are utilized.
In fig. 5 the radial distribution of the measured total pressure related to the mass-averaged total pressure at the inlet as well as the radial distribution of the inlet angle are shown. The boundary layers at the hub and at the casing are relatively thick and amount up to 20 % of the duct height in each case. 
GOVERNING EQUATIONS AND TURBU-LENCE MODELING
The following equation in integral form is solved for the current problem :
For the Reynolds-averaged Navier-Stokes Equations A standard high-Reynolds k-E two-equation model is used to estimate Reynolds stresses. Therefore :
and P P'z
The constants applied are :
NUMERICAL PROCEDURE
The calculations are performed with the explicit, cellcentered 3D-Navier-Stokes solver 3DNASTO, which was developed by the author at the Institut fur Luftfahrtantriebe. A brief description of the flow solver is given. This code solves numerically equations (1) - (4) written in cylindrical coordinates with a finite volume approach. Therefore Htype grids are used to discretize the flow domain. Because of computational constraints only coarse grid calculations are performed. For the cob-vane the grid has 85 x 36 x 35 and for the col-vane 84 x 31 x 31 gridpoints in the streamwise, spanwise and pitchwise direction, respectively.
Especially for coarse grid calculations it is important to reduce the numerical dissipation as much as possible. The artifical dissipation model used for the calculations is basically the one originally introduced by Jameson et al (1981) . In order to minimize the amount of artificial diffusion inside the shear layers and the vortex cores, the eigenvalue scaling of Radespiel and Rossow (1990) is used. For example in the axial direction:
The scaling-exponent ,Q should be reduced as much as possible to achieve an anisotropic dissipation scaling. In this case dissipation is introduced only in the direction where it is needed. A limit for the reduction of 0 is the stability bound. For the col-vane the value of is reduced to 0., but for the cob-vane a value of 0.1 is needed to maintain convergence. Furthermore all dissipation fluxes are set to zero on the boundaries. This results in complete global conservation.
To advance the discretised equations in time a four-stage Runge-Kutta time stepping scheme is used. Implicit residual smoothing with local time stepping is used to extend the stability limit of the algorithm and to increase the rate of convergence to a steady state solution.
SECONDARY FLOW ANALYSIS
The complete secondary flow analysis will be done in mainly two steps. In the first step the flow solver 3DNASTO is validated against the measurements in the traversing plane Z. Having obtained numerical results very close to the experimental ones, the secondary flow behaviour inside and behind the blade rows is analysed numericaly in the second step.
For all the contour plots shown in this paper, the view direction is downstream with the suction surface at the right hand side and the pressure surface at the left.
Comparison between calculated and measured data in plane 2
In fig. 6 and fig. 7 calculated and measured contour plot, for total pressure and radial flow angle are compared for the cob-vane and the col-vane. The total pressure is related to the mass-averaged total pressure in plane 1.
For the cob-vane the distribution of total pressure is in good agreement with the measurements. All the major features of the secondary flow are captured by the numerical scheme although the numerical grid is relative coarse. The two loss cores, which correspond to the passage vortices, can easily be seen. The minimum values of the measured total pressure in the loss cores are 0.92, while the calculated valties are 0.92 at the hub arid 0.91 at the casing. The location of the calculated loss core at the casing is in good agreement with the measurement, while the predicted loss core at the hub is nearer to the sidewall. The loss in the wake is slightly higher because of the frilly turbulent calculation.
Similar good agreement is obtained for the pitch angle (spanwise flow) of the cob-vane, which is usefull for easily finding the location of the secondary vortices. Across the passage vortex core at the casing the peak values are changing in the numerical solution from 39 0 to -33 0 , while the measured values are changing from 38° to -33°. For that reason the calculation succeeds in predicting this vortex. Different from the good agreement at the casing, there are larger differences at the hub, where the calculated peak values are 60 and 33 0 , while the measured values are 3 0 and 24°. Therefore the passage vortex at the huh seems to he stronger in the calculation. Keeping in mind the poorer spatial resolution of the measurements for the col-vane, including only 10 points in circumferential direction across one pitch, the total pressure distribution of the calculation is in good agreement with the experiment, fig. 7 . In the wakes the calculated losses are higher because of the fully turbulent calculation and the insufficent spatial resolution of the measurements. The calculated values of the total pressure in the loss cores are 0.92 at the hub and 0.91 at the casing, while in the measure'-merits the values are 0.95 arid 0.91 respectivly. The numerical model succeeds in capturing the spanwise location and the extent of the loss cores.
The calculated pitch angle distribution shows a stronger vortex at the casing, because the pitch angle across the passage vortex is changing from 420 to -18°, while in the measurements the angle varies from 36 0 to -9 0 . At the hub the calculated passage vortex is also stronger. Here the angle is changing from 0° to 30 0 in the calculation and from 0° to 18° in the measurements.
Pitchwise mass-averaged profiles is of the same order as in the measurements. In the nurnerical calculation at the hub the loss core is shifted towards the sidewall. As mentioned previously the overall loss in total pressure is higher in the prediction because of the fully turbulent calculation, whereas in the experiment a laminarturbulent transition is detected at about 0.75 % axial chord on the suction surface. Also the yaw-angle distribution is in good agreement with the measurements. At the casing the over-and underturning is well predicted and in the midpassage the predicted yaw angle is the same as in the measurements. Only at the hub the overturning is too small. The mass-averaged total pressure and yaw-angle distribution for the col-vane is shown in fig. 9 . At the hub and at the casing the total pressure is in good agreement with the measurements. The radial location of the loss cores are well reproduced. Only at midpassage in the wake-region the calculated losses are slightly larger because of the fully turbulent calculation. The comparison of the calculated radial distribution of the yaw-angle with the measurments yields a good agreement of the overturning at the casing, but the underturning is about 20 lower. The predicted flow angle outside the secondary flow regions is approxirnatly 1 0 lower than obtained from experimental data, but the distribution is qualitatively similar to the experiment. At the hub the magnitude of the overturning is generally smaller compared to the experiment.
Calculation of secondary vorticity
In order to obtain an insight into the secondary flow phenomena, the so-called secondary vorticity is calculated. For that first of all the vorticity is calculated from the numerical results in every mesh point. Then the component of the vorticity vector in the primary flow direction is calculated and is called secondary vorticity. Here the primary flow direction is For the calculation it is important that the total pressure is constant in the inlet plane. According to the above definition, the vorticity of the collateral boundary layer on the walls has no contribution to the secondary vorticity.
Secondary vorticity in the measuring plane 2
The distribution of the secondary vorticity in the measuring plane 2 is presented in fig 10 for the cob-vane and the col-vane across two pitches. According to the contour plots the secondary vortices are clearly identified. At the hub and at the casing a pair of counterrotating vortices is located, respectively, which are corresponding to the passage and trailing edge vortex at the hub and at the casing.
For the cob-vane the passage vortex at the casing is of the same strength as at the hub, but it is larger. The trailing edge vortex is at the casing stronger than at the hub.
Comparing the trailing edge vortex with the passage vortex, respectively, it is evident that at the casing the trailing edge vortex is stronger, while at the hub the strength of these vortices is of the same order of magnitude. For the col-vane the vortices at the casing have nearly the same strength as for the cob-vane, but the size of the passage vortex related to the pitch of the vane is much larger. At the hub the trailing edge vortex is a little bit stronger than for the cob-vane, but the passage vortex at the hub is weaker in comparison with the cob-vane. 1 0.
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To study the turbulent mixing of the passage and the trailing edge vortices, measurements are done in the travers- ing plane 3. These experimental data are interesting for the validation of turbulence models. With regard to the secondary flow analysis of a complete turbine stage plane 3 is of minor interest, because the rotor following usually the inlet guide vane row will run through the vortices before they will reach plane 3. Therefore only the contour plots of the total pressure are discussed. For the calculations done in this paper it is worth mentioning that there is only one ineshpoint in axial direction between plane 3 and the exit boundary. Therefore simplifications usually done for the exit boundary condition might have affected the calculated results in plane 3 in this way.
In fig.11 calculated and measured contour plots for total pressure are compared for the cob-vane and the col-vane. The total pressure is related to the mass-averaged total pressure in plane 1.
Comparing for both vanes the radial location of the loss cores with plane 2, the loss cores at the casing are shifted towards midspan, while at the hub the radial location of the losses are only slightly changed. For the cob-vane the Incasired total pressure in the loss cores are 0.95 at the hub and 0.96 at the casing, while the calculated values are 0.96 and 0.94 respectively. Further on the loss core at the casing is shifted in the calculation much more towards midspan than in the measurements. On the other hand in the measurements the loss core at the casing falls into two parts. "Therefore the turbulent mixing of the vortices at the casing seems to be smaller in the calculation, resulting in a higher mobility of the vortex and higher losses in the core. Against that at the hub calculated and measured radial location of the loss core is in a good agreement. Only the losses are a little bit higher in the measurement.
The comparison of the contour plots for the col-vane shows nearly the same radial location of the loss cores at the hub and at the casing for the calculated arid measured data. The minimum values of the measured total pressure in the loss cores are 0.96 at the casing and 0.97 at time hub. This are exactly the calculated values, but for the vortices at the casing it is obviously that the turbulent mixing in circumferential direction is stronger in the measurements. In the wake of the col-vane the calculated losses are higher. This is not a result of a weaker mixing, because already in plane 2 the calculated losses in the wake are higher.
Loss formation in the passage and downstream of the vanes
For the 3D-visualisation the view direction is upstream from a location downstream of the trailing edges of the vanes.
The streamwise development of total pressure losses is shown in fig. 12 , 13 for the cob-vane and in fig. 14, 15 for the col-vane as a sequence of several cross sections. In the enterance region of the passages for both vanes the boundary layer at the casing is thicker than at the hub. At the casing of the cob-vane, immediatly behind the leading edge Figure 11 : Contour plots of treasured and calculated total pressure for a) the cob-vane and b) colvane itl plane 3 in the suction side endwall corner a region with high losses is seen. In downstream direction these losses are shifted towards midspan and a little bit towards midpassage. At the hub the formation of a loss core in the suction side endwall corner is further downstream comparing to the casing. For the col-vane the loss development in the passage seems to be quite similar, but at the casing the maximum losses are located nearer to the suction surface. Except that the overall size of the loss core at the casing comparing to the pitch is much larger for the col-vane.
Downstream of the trailing edge the mixing process reduces the peak values of the losses, but it enlarges the lossy domain. For the visualization the boundary layers at the hub and at the casing are excluded. For the cob-vane the mixing process seems to be stronger than for the leaned vane, where the loss core at the casing remains quite similar from the trailing edge to the exit. The vorticity formation in the passage, fig. 16, 19 and behind the trailing edge, fig. 17 , 20 are quite instructive. At the casing of the cob-vane immediatly behind the leading edge two vortices with opposite sign are seen. One of them is the pressure side leg of the horseshoe vortex, which is enlarged because of the crossflow from the pressure side to the suction side in the endwall boundary layer, and just right in the suction side endwall corner a smaller vortex is located. This may be the suction side leg of the horseshoe vortex or a cornervortex. Further downstream this vortex is mixed out and in the endwall corner the formation of the passage vortex is observed. Keeping the loss formation in mind, it is quite clear that the inlet boundary layer is rolled up into the observed loss core near the suction surface by the passage vortex.
At the hub of the cob-vane the suction side leg of the horseshoe vortex is not visible. The pressure side leg of the horseshoe vortex is moving across the passage in the same way as at the casing, but the formation of the passage vortex is further downstream. At the hub the magnitude of the vorticity and the vortex dominated region is smaller than at the casing. This is quite clear because of the thinner boundary layer at the enterance of the passage.
At the casing of the col-vane a stronger crossflow seems to drive the pressure side leg of the horseshoe vortex to a large vortex, which covers the whole passage. Further downstream the center of this vortex is located at the suction side as for the cob-vane, but it is not stretched in the radial direction like the passage vortex at the casing of the cob-vane. At the hub of the col-vane the magnitude of vorticity is of the same order as at the casing, but the vortex dominated flowfield is smaller.
Behind the trailing edges the number of isolines is increased because of the strong trailing edge vortices. Also the scaling range is changed.
For both vanes immediately behind the trailing edges strong vortex sheets are formed, which build respectively the trailing edge vortices at the hub and at the casing. These vortices are interacting with the passage vortices belonging to them. The mixing and dissipation process and the vortex interaction will generally cause a reduction of the vortex strength. An other feature is the vortex interaction between the trailing edge vortex and the passage vortex as a pair of counterrotating vortices in the diffusor behind the passage.
At the casing of the cob-vane in downstream direction the core of the passage vortex moved further away from the endwall. Besides it is stretched in counterclockwise direction and is wrapped around the trailing edge vortex. At the hub the passage vortex is stretched and is rotating in clockwise direction around the trailing edge vortex.
For the col-vane the passage vortices are also stretched at the casing in counterclockwise and at the hub in clockwise direction around the trailing edge vortex respectively. However, in this case the mixing and dissipation process is less severe. So the trailing edge vortices remain relative compact in comparison with the passage vortices. This may be one reason for the stronger underturning in the measuring plane 2.
In fig. 18 for the cob-vane and in fig. 21 for the col-vane vorticity-isosurfaces are utilized to visualise the vortices from the passage and from the trailing edge downstream. For the cob-vane the passage vortex at the casing originates mainly from the suction side endwall corner. On the other hand for the col-vane the vorticity tube of the passage vortex at the casing seems to be located at midpassage and rrot in the suction side endwall corner. Therefore the passage vortex of the cob-vane is mainly arisen because of the deflected crossflow towards the suction surface, whereas for the col-vane this vortex is mainly generated before the crossflow reaches the suction side of the vane. One reason for this interesting phenomena may be a stronger crossflow. which drives the pressure side leg of the horseshoe vortex to a strong vortex before it reaches the suction side.
Further on the trailing edge vortex at the casing of the cob-vane is located nearer to midspan and diffuses more in the vicinity of the casing than for the col-vane. At the hub of the cob-vane behind the trailing edge the passage vortex is flattened and is pushed under the trailing edge vortex. This is also observed for the col-vane, but the passage vortex is not as flat as for the cob-vane.
Area averaged results
The growth of losses, secondary kinetic energy and secondary vorticity are important for the designer to decide which of the alternative configurations is preferable. These coe$icents are mass meaned over one pitch and are defined as follows :
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For the calculations shown above the calculated total pressure losses in the measuring plane 2 are about 6.5 %o larger than the measured ones because of the numerical dissipation and the fully turbulent calculation. This is acceptable, but the very low numerical damping used, causes some wiggles in the pressure field especially in the vicinity of the leading and trailing edges and for the col-vane at the inlet, because the grid is too coarse there. These wiggles are also present if the loss coefficent is calculated. To avoid this the damping is slightly increased for the area-averaged results in this regions, nevertheless for the col-vane some wiggles are still present at the inlet. If the numerical damping is increased, care must be taken, because numerical damping has a strong influence on the calculated loss-coefficent.
The comparison of the loss development between the cobvane and the col-vane is done in fig. 22 . For both vanes the loss grows slowly before the leading edge. Then at the leading edge the loss is rising because of the horseshoe vortex and the boundary layers on the profiles. Further downstream the loss coefficient remains nearly constant and is growing again towards the trailing edge due to the growth of the passage vortices. For the cob-vane the passage vortices are generating more losses because of the larger streamwise path of the vortex cores, but the gradient is steeper for the col-vane. At the trailing edge a very rapid growth of the loss is observed, which is weaker for the cob-vane, to the effect that the overall losses at the trailing edge are larger for the col-vane. Further downstream the mixing process arid the diffusor behind the vanes attribute to the further growth of the losses. At the two measuring planes the losses are smaller for the cob-vane. This result is confirmed by the measurements, where the total pressure losses are also smaller for the cob-vane.
The mass-averaged secondary kinetic energy distribution also reveals some interesting features. The gradient for the growth of secondary kinetic energy is nearly the same for both vanes, but the maximum value for the cob-vane is about twice as big. Further on the secondary kinetic energy is growing up to the trailing edge for the col-vane, while it is reaching the maximum for the cob-vane upstream of the trailing edge. Besides this the decay of secondary kinetic energy is for the cob-vane larger than for the col-vane.
The mass-averaged secondary vorticity coefficient shows nearly the same peak values for the cob-vane and the colvane. The growth of secondary vorticity is steeper for the col-vane, while the decay of secondary vorticity is almost the yarn e.
It is worth mentioning, that the coarseness of the grid may be important for the area-averaged results. Horton et al. (1992) studied the effect of different mesh densities and found that this has an important influence on overall loss and on loss growth through the passage. For the investigatiorrs done here the grid dependency is not studied, so these uncertainties must be kept in mind by analysing the areaaveraged results shown in fig. 22 .
CONCLUSIONS
The development of secondary flow and losses through two different types of low pressure guide vane rows has been studied. The first investigated annular cascade consists of a leaned guide vane and a transition duct ahead of the vane. Therefore the flow is decelerated in the transition duct and subsequently accelerated in the vane. To avoid the losses associated to the deceleration in the transition duct an alternative configuration is investigated for the same inlet and exit conditions. The chord of this vane is increased to the effect that the vane begins at the enterance of the diverging an-nulus and so a continuously accelerated flow is achieved. To maintain a good performance in the design process, a bowedtype vane with an aspect ratio of one and an increased pitch has been designed. In this paper the configuration consisting of the leaned vane and the transition duct is called col-vane and the alternative configuration cob-vane. The development of streamwise vorticity and losses has been of particular interest. To obtain this first of all the three-dimensional flow solver 3DNASTO is validated against measurements, which are performed in traversing planes behind the guide vane rows. With the confidence that the numerical results are very close to the experimental ones, the secondary flow is analysed numerically in the second step. It is found that :
-The developed flow-solver 3DNASTO is able to predict. and calculate the secondary flow in the guide vane rows with good accuracy even on coarse meshes.
-To avoid the deceleration of the flow in the transition duct, the chord and the pitch of the cob-vane has been increased. The increased pitch of the vane has the favourable effect that the ratio of blade loading to pitch is smaller than for the col-vane. This effect is supported by the positive lean at the casing of the cob-vane. The aforementioned ratio is important for the crossflow and the development of secondary flow. Therefore especially at the casing the development and structure of the passage vortex is different for both vanes. For the cob-vane the passage vortex is arisen because of the deflected crossflow towards the suction surface. Therefore this vortex is located immediately in the vicinity of the suction surface. Against that the passage vortex at the casing of the col-vane arises before the crossflow reaches the suction surface. For that reason the passage vortex center is indeed also found near the suction surface, but the passage vortex fills nearly the whole pitch.
-The ratio of vortex-size and vorticity to pitch is higher for the c:o1-vane. Therefore the passage vortex and the trailing edge vortex especially at the casing of the col-vane are generating high losses, resulting in higher overall losses for the col-vane in the measuring planes.
-The increased chord of the cob-vane leads to a longer strearnwise path of the passage vortices, resulting in higher secondary kinetic energy in the measuring planes.
With regard to a complete turbine stage, where a rotor is following the inlet guide vane row, it is not quite clear how to weight the reduced losses of the cob-vane at the price of higher secondary kinetic energy associated to strong streamwise vortices. Sharma et al. (1992) have discussed the effects of upstream streamwise vortices and they have concluded that this may have a large impact on secondary flow and heat loads for the downstream rotor. Therefore further stage experiments and the development of an unsteady Navier-Stokes code for unsteady stage calculations is needed for future investigations.
